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To examine the potential role of calcium in regulating Dictyostelium development, we reduced free cytosolic and total
cell Ca2/ in Dictyostelium cells by expressing a constitutively active form of a human erythrocyte plasma membrane
calcium pump. The pump-expressing cells lacked a thapsigargin-mediated increase in cytoplasmic calcium, consistent
with a reduced level of total cellular Ca2/. During aggregation, the cells initially formed a large number of aggregation
centers, many of which coalesced to form mounds that were smaller than those of wild-type cells, and the cells did not
exhibit the normal formation of elongated aggregation streams. The majority of the mounds either arrested at this stage
with the formation of small protrusions or formed very aberrant ®nger-like structures, indicating an essential role for cellular
calcium in morphogenesis. We used pump and wild-type cells differentially labeled by expressing different wavelength (green
and blue) forms of green ¯uorescent protein and three-dimensional (3-D) reconstruction of serial ¯uorescent imaging to
visualize the movement of pump and wild-type cells within the aggregate. The results showed that the pump cells exhibited
very aberrant cell movement and sorting within the forming mound, suggesting that the reduced cytosolic calcium affects
movement required for tip formation. When allowed to form chimeric organisms with wild-type cells, pump cells preferen-
tially localized to two bands, one at the prestalk/prespore boundary and the other in the very posterior of the organism,
suggesting that pump cells are unable to properly sort. Expression of the calcium pump had little effect on the induction
of prestalk- or prespore-speci®c genes, whereas extended treatment with EGTA blocked induction of both classes of cell-
type-speci®c genes. Our results suggest a role for intracellular Ca2/ in controlling cell sorting and morphogenesis in
Dictyostelium. q 1998 Academic Press
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INTRODUCTION mound, from which an apical tip is formed that then elon-
gates, resulting in a ®nger-like structure. This structure falls
In Dictyostelium, starvation initiates development lead- over and forms a migrating pseudoplasmodium or slug that
ing to the chemotactic aggregation of up to 105 cells to form is capable of movement and is both photo- and thermotac-
a multicellular organism over a period of 24 h (Chen et al., tic. Under proper environmental conditions, culmination is
1996; Firtel, 1995; Loomis, 1982). Development proceeds initiated and results in the formation of a mature fruiting
through a series of morphological forms starting with a body containing a sorus of spores on top of a stalk tube
composed of vacuolated cells that is supported by a basal
disk.1 Present address: Aurora Bioscience, San Diego, CA.
Much is understood about the cell types that comprise2 To whom correspondence should be addressed at Center for
the organism but less about the mechanisms regulatingMolecular Genetics, Rm. 225, University of California, San Diego,
morphogenesis in the multicellular stages. As the mound9500 Gilman Drive, La Jolla, CA 92093-0634. Fax (619) 534-7073.
E-mail: ra®rtel@ucsd.edu. forms and cAMP levels start to rise, cells separate into dis-
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tinct zones by a poorly understood mechanism of cell sort- tion and patterning (Siegert and Weijer, 1995). These cells
also serve to initiate culmination and, throughout culmina-ing (Abe et al., 1994; Early et al., 1993; Firtel, 1995; Jermyn
and Williams, 1991; Williams and Jermyn, 1991). By the tion, the apical region continues to exhibit high oscillatory
patterns of calcium. Consistent with this, others have usedslug stage, there is a highly organized spatial distribution
of several classes of prestalk cells, prespore cells, and ante- similar studies with aequorin or Fura-2 derivatives to exam-
ine transient rises in free calcium in response to cAMPrior-like cells (ALCs). These patterns originate at the mound
stage, in which differentiating cells start to exhibit differen- and in migrating slugs (Malchow et al., 1996a; Milne and
Coukell, 1988; Saran et al., 1994; Schlatterer et al., 1992;tial sorting behaviors leading to their eventual distribution
in the slug with the prestalk A cell population at the ante- Tirlapur et al., 1991; Yumura et al., 1996). The posterior
region that displays temporal changes in free cytosolic cal-rior (Abe et al., 1994; Early et al., 1993; Firtel, 1995; Jermyn
and Williams, 1991; Williams and Jermyn, 1991). Prestalk cium (Cubitt et al., 1995a) is composed of rear-guard cells
that will predominantly form the basal disk and cup regionsO cells form a region that lies posterior to the prestalk A
domain, while prestalk B cells sort to the base of the organ- of the sorus (Williams and Morrison, 1994). Precisely what
determines the particular fate a cell adopts and how this isism. Some of the prestalk A cells that are localized in the
tip induce the expression of the ecmB and Ga1 genes and re¯ected in the differential regulation of second messengers
within the cell and eventually pattern formation are centralform a central core of cells in the most anterior portion of
the slug (prestalk AB cells) (Dharmawardhane et al., 1994; questions in this system.
In Dictyostelium, there is a considerable amount of evi-Jermyn et al., 1989). In contrast, prespore cells, which repre-
sent 70% of the cells in the organism and comprise the dence to suggest that changes in cytosolic calcium could
be part of the signaling mechanisms that regulate cell-typemajority of the posterior 80% of the migrating slug, do not
sort. In addition to these cell types, the ALC population is differentiation in this system (Azhar et al., 1997; Blumberg
et al., 1988, 1989; Kubohara and Okamoto, 1994; Maedadistributed throughout the organism (Devine and Loomis,
1985; Jermyn and Williams, 1991; Sternfeld and David, and Maeda, 1973; Okamoto, 1994; Pinter and Gross, 1995;
Schaap et al., 1996; Yamada and Okamoto, 1992). These1982). This population expresses ecmA and ecmB prestalk-
speci®c genes and several genes that are involved in discrete studies suggest a role for intracellular calcium in regulating
gene expression, although they do not directly identify thesignaling pathways such as ERK1, Ga4, PTP1, PTP2, and
PTP3 (Dharmawardhane et al., 1994; Gamper et al., 1995, mechanism or its potential role. Recent evidence suggests
that the prestalk cell morphogen DIF results in a rise in1996; Gaskins et al., 1994; Howard et al., 1992, 1994).
Understanding the spatial dynamics of signal transduc- intracellular [Ca2/] and that this increase is required for DIF
induction of prestalk and stalk cell differentiation (Azhartion processes during pattern formation is essential in un-
derstanding localized cellular differentiation and gene ex- et al., 1997; Schaap et al., 1996). In addition to controlling
gene expression, intracellular calcium also affects chemo-pression, which control body plan formation in a multicel-
lular organism. In some cases, these patterns can only be taxis. Depletion of either intracellular or extracellular Ca2/
results in an inhibition of chemotaxis (Europe-Finner et al.,meaningfully observed in the intact, nondisturbed devel-
oping organism. Previously, we reported the use of aequorin 1984; Newell et al., 1995; Schlatterer et al., 1994), while a
rise in intracellular Ca2/ leads to an inhibition of cAMPto identify localized and temporal changes in cytosolic cal-
cium levels throughout Dictyostelium multicellular devel- oscillations (Malchow et al., 1996b). This suggests that in-
tracellular Ca2/ oscillations during aggregation may be im-opment (Cubitt et al., 1995a). Using strains transformed
with a construct that expresses a stable form of aequorin, portant in controlling aspects of cell movement and recep-
tor-mediated signaling pathways.it was possible to follow the changes in free cytosolic [Ca2/]
in vivo as development progressed. This analysis showed As a distinct approach to examine the role of free cyto-
solic Ca2/ and Ca2/ changes during development, we havethat cells containing high levels of calcium were ®rst ob-
served in the developing mound in cells that appeared to sought methods to speci®cally and selectively manipulate
cytosolic calcium levels throughout development with abe the precursor cells of the developing tip. Migrating slugs
displayed two areas of high free calcium, each of which minimum of experimental perturbation of the system. To
accomplish this, we have overexpressed a constitutively ac-oscillated with the periodicity of 10 min. One major cen-
ter of activity was observed in the anterior of the migrating tive plasma membrane calcium pump (Adamo et al., 1992;
Enyedi et al., 1993) to reduce intracellular calcium storesslug, while the other was in the very posterior. The anterior
is composed of a prestalk cell population and functions as and suppress rises in intracellular calcium. To determine
the effect of pump expression on cell movement and cellthe cAMP oscillator and morphogenetic organizer of the
organism (Siegert and Weijer, 1995), which has been known fate in mixtures of wild-type cells, we coexpressed the pump
with wild-type green ¯uorescent protein (GFP), simultane-to have a high concentration of sequestered calcium (Tirla-
pur et al., 1991) and is thought to be an indicator of cell ously monitored the movement of wild-type cells in the
same aggregate, and used wild-type cells expressing thefate (Saran et al., 1994). This anterior region showing high
calcium oscillations is thought to initiate the oscillatory Y66H GFP mutant that have a blue emission maximum
(BFP) to characterize the effect of reduction in cytosolicpulses of cAMP that are relayed toward the posterior of the
organism and are believed to regulate cell-type differentia- calcium on cell movement (Chal®e et al., 1994; Cubitt et
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et al., 1994) were expressed using the Dictyostelium EXP4/ expres-al., 1995b; Heim et al., 1994). In Ca2/ pump-expressing cells
sion vector (Dynes et al, 1994). To improve expression, the regionaggregation is normal and mounds are formed. Many of
around the ATG translation initiation codon was changed to thatthese arrest after the formation of protrusions on the sur-
favored in highly expressed Dictyostelium genes (Firtel and Chap-face, while some continue to initiate ®nger formation, pro-
man, 1990). To achieve this, GFP clones (H6-GFP in pRSET) andducing aberrant structures that do not proceed further in
BFP in pRSET were ampli®ed by PCR using the 5* primer GTTTT-
development. Some proceed with development after an ex- ACTAGTAAAAAAATGTCTAAAGGAGAAGAACT, which also
tensive delay. Three-dimensional imaging of calcium-de- adds an SpeI site. The 3* primer, which adds an XhoI site, was
pleted and wild-type cells shows that the calcium pump 5*-CAAAACTCGAGGTACCTTATTTGTATAGTTCATCCA. The
cells have very abnormal movement and sorting patterns PCR product (717 bp) was sequenced and subcloned using the added
sites into EXP4/.within the developing mound. Expression of the pump had
Mixing experiments were conducted with cells grown for 24 hlittle effect on the induction of prestalk- or prespore-speci®c
to similar densities (1.5 1 106) prior to washing and plating out forgenes, while depletion of calcium in either pump or wild-
development. Control cells which expressed only the green ¯uo-type cells with EGTA resulted in cells unable to induce
rescent protein were mixed and plated for development simultane-prestalk- or prespore-speci®c gene expression. Our analysis
ously.suggests that intracellular calcium plays an important role
Fast-shake and slow-shake experiments were conducted as de-
in regulating cell movement and morphogenesis. scribed previously (Mehdy and Firtel, 1985). In brief, cells were
washed and resuspended in nonnutrient buffer at a density of 5 1
106 cells/ml for 3.5 h. After this time, the cells were divided into
4 ¯asks and incubated under slow-shake conditions with no addedMATERIALS AND METHODS
cAMP, slow shake plus added cAMP (300 mM), or fast shake with
or without exogenous cAMP. Additional cAMP was added to 100
Molecular Biology, Development, mM every 2 h to replenish that hydrolyzed through phosphodiester-
and Expression Studies ase action. Eight hours after the ®rst cAMP addition, cells were
harvested for RNA extraction. For experiments in which EGTA
Expression of the calcium pump (HPMCA4b) was optimized by was also present, cells were treated identically up until the ®rst
using PCR to change the nucleotide sequence immediately 5* to addition of cAMP, after which EGTA (1 mM) was also added in
the start ATG to the consensus optimal translational start sequence addition to cAMP. Every 2 h, the cells were spun down and resus-
for Dictyostelium (Firtel and Chapman, 1990). In addition, codon pended in fresh buffer containing cAMP and EGTA to ensure that
usage for the ®rst seven amino acids of the pump was changed to cells were completely depleted of intracellular calcium.
those found in highly expressed Dictyostelium proteins. To avoid Cloned cells lines were isolated as previously described (Firtel
using PCR over the entire pump gene and potentially introducing and Chapman, 1990; Hughes et al., 1992).
errors into the gene, the ®rst 700 bp of coding sequence was used
as the template. This was achieved by digesting the construct with
PvuII and SalI, which excises a 700-bp fragment containing the Luminescence Measurements
start of the coding sequence. This was subcloned into pSP72 via
the same sites and used for PCR with the 5* primer GTT TAC Luminescence measurements were made using a Monolight
TAG TAA AAA ATG GCT AAC CCA TCA GAC CGT GTC, 2001 luminometer. Aequorin was formed in vivo from the ex-
which changes the codon usage and consensus start sequence and pressed apo-aequorin through the incubation of cells in HL5 growth
adds an SpeI site. The 3* primer was the SP6 sequencing primer, medium with 1 mg/ml coelenterazine for 24 h (Cubitt et al., 1995a).
which binds to the SP6 promoter region present in pSP72. PCR
reactions were carried out for 15 cycles using 947C denaturing, 727C
extending, and 457C annealing temperatures each for 1 min, with Cell Movement Analysis
1.5 mM Mg2/ and 0.1 mM dNTP at a concentration of 0.1 mM.
The PCR product was gel puri®ed and digested with SpeI and XhoI Three-dimensional time-lapse microscopy was performed as pre-
viously described (Doolittle et al., 1995). In brief, images from aand subcloned into pBluescript (SK/). This was sequenced to ensure
no additional mutations had arisen through PCR. The PCR frag- custom-modi®ed IMT-2 Olympus microscope were recorded with
a scienti®c-grade charge-coupled device (CCD) camera cooled toment was excised with NotI (which was then ®lled in with the
Klenow fragment of DNA polymerase I) and PvuI and religated into 0407C. A 201/0.8 NA oil-immersion objective was used. X, Y reso-
lution was 1.3 mm per pixel. Focal-plane position was set by athe PvuI-digested pSP72 pump fragment containing the remaining
pump coding region. This was screened for orientation by digestion computer-controlled microstepping motor. Z step size was also 1.3
mm, thereby yielding comparable resolution in X, Y, and Z. Up towith PvuI and XhoI. The complete pump was excised with SpeI
and KpnI (with the KpnI site ®lled in) and subcloned into the Dicty- 64 focal planes were collected per time point. Three-dimensional
images were acquired at 2- to 5-min intervals depending on theostelium expression cassette EXP4(/) (Dynes et al., 1994) digested
with SpeI and XhoI (with the XhoI site ®lled in). Coexpression particular experiment. Exposure time per focal plane was 100 ms
with a 90±95% neutral density ®lter inserted in the light path ofwith the green ¯uorescent protein or aequorin was achieved using
calcium phosphate-mediated transformation (Nellen and Firtel, a 100-W mercury arc lamp. For a typical experiment of 64 focal
planes at 30 time points this resulted in a total exposure to the1985). Fluorescent microscopy for Fig. 7 was performed using a
Nikon Microphot microscope with ¯uorescein excitation and emis- specimen of 3.5 min at the reduced light intensity. Under these
conditions, specimens routinely completed development normally.sion ®lters.
Apoaequorin was expressed in Dictyostelium as described pre- For single-label experiments, GFP ¯uorescence was observed
with an excitation ®lter with peak transmission at 485 nm, and anviously (Cubitt et al, 1995b). Wild-type and blue mutant GFP (Heim
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emission ®lter with peak transmission at 530 nm (Omega Optical,
Brattleboro, VT). For double-label experiments, we excited both
GFP and BFP using the same bandpass ®lter which had peak trans-
mission at 405 nm. Emitted ¯uorescence was distinguished using
an emission ®lter at 450 nm for BFP and 510 nm for GFP. Control
experiments demonstrated that GFP ¯uorescence was not visible
when using the BFP emission ®lter, and vice versa. These ®lters
were housed in either an excitation or emission ®lter wheel, whose
positions were under computer control via microstepping motors
(Compumotor, Petulama, CA). Double-label ¯uorescence data were
obtained using a Reichman triple dichroic mirror (Omega Optical)
inserted in the light path between the two ®lter wheels. This di-
chroic mirror re¯ects and transmits the appropriate wavelengths
for each dye, and so only the emission ®lter wheel was turned to
collect either BFP or GFP ¯uorescence. With this arrangement, BFP
and GFP focal-plane images were obtained sequentially without
change of focus, thereby preserving proper registration of the two
¯uorescence images.
Recorded 3-D images were processed to reduce out-of-focus light
by one of two well-characterized restoration methods: the maxi-
mum-likelihood method (Conchello et al., 1994) or the regularized
linear least-squares method (Preza et al., 1992). Each method
yielded comparable restored images. See Doolittle et al. (1995) and FIG. 1. Thapsigargin-mediated rise in cytosolic calcium levels in
McNally et al. (1994) for detailed discussion of these methods and pump and wild-type cells expressing the constitutively active
their validation. Three-dimensional cell tracking was accomplished plasma membrane calcium pump and aequorin. 1 1 105 cells were
with customized software, as previously described (Awasthi et al., placed in the luminometer cuvette and stimulated with 10 mM
1994). thapsigargin. Total light output was measured for 10-s increments
For time-lapse video microscopy during aggregation, cells were with measurements taken every 30 s.
plated as a monolayer on a very thin layer of Na/KrPO4-containing
agar (2.5 ml of agar was added to a 60-mm petri dish) (Ma et al.,
1997). Cells were visualized on plates that were inverted using a
the wild-type form of the protein is regulated by calcium.Nikon Optiphot-2 phase contrast microscope with a 41 objective.
Time-lapse video was recorded on a Mitsubishi SVHS time-lapse When the calmodulin binding domain is deleted, the pump
videocassette recorder (S-H5600) with a time-compression ratio of functions constitutively (Enyedi et al., 1993). To overex-
240 (2-h tape recorded over 480 h). Images from the videotape were press this pump in Dictyostelium, we modi®ed the regions
grabbed using NIH Image 1.59 and a Scion image board. immediately before the ATG initiation codon and the ®rst
Two-dimensional ``dark®eld-wave'' images were collected with seven codons of the protein to conform to what is preferred
an Olympus IMT2 microscope set in DIC mode. An Olympus S in highly expressed Dictyostelium proteins (Firtel and
Plan PL 0.3 NA/101 objective lens was used. The Wollaston prism
Chapman, 1990). The pump construct was then placedwas adjusted such that the image background was black. An expo-
downstream from the Act15 promoter on a vector confer-sure time of 10±50 ms was used, and images were acquired at 10-
ring G418 resistance. Stable transformants carrying thisto 30-s intervals.
vector were then selected and cloned cell lines were isolatedChemotaxis was measured by time-lapse video microscopy of
aggregation-stage cells in response to 100 mM cAMP diffusing from (see Materials and Methods for details). High-level expres-
a microcapillary pipette using a phase-contrast microscope as pre- sion of the calcium pump did not noticeably alter cell
viously described (Buczynski et al., 1997). Images from the time- growth (data not shown).
lapse tape were captured on a Scion board. To examine if expression of the Ca2/ pump affected the
levels of stored Ca2/ in cells, the cells were cotransformed
with the Act15 aequorin construct, which we previouslyActivation of Adenylyl Cyclase
used to examine changes in free Ca2/ in cells throughout
Activation of adenylyl cyclase was measured with a cAMP bind- development (Cubitt et al., 1995a). The cells were incubated
ing assay kit from Amersham Corp. as previously described (Kuma- with coelenterazine (Cubitt et al., 1995a) and then treated
gai et al., 1991; Van Haastert, 1985). with thapsigargin, which inhibits the ER calcium pump,
resulting in a release of stored calcium into the cytoplasm.
Addition of thapsigargin to wild-type cells resulted in aRESULTS rapid, transient rise in intracellular free calcium as mea-
sured by aequorin luminescence (Fig. 1). In contrast, a thap-
Effects of Overexpression of the Calcium Pump sigargin-mediated increase was not detectable in the cells
on Cell Growth and Calcium Levels overexpressing the calcium pump. In COS cells, overex-
pression of the calcium pump led to missorting of the cal-The human erythrocyte plasma membrane calcium AT-
Pase (hPMCA4b) contains a calmodulin binding domain and cium pump to the endoplasmic reticulum, where it was
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FIG. 2. Final morphology of cells expressing constitutively active plasma membrane calcium pump. Cells were plated on 10 mM Na/
KrPO4 (pH 6.1) agar plates and then photographed at 24 h.
still functional (Enyedi et al., 1993). Part of the effect we Effects of Overexpressing the Calcium Pump
on Cell Movement during Aggregationobserved could be a result of missorting of some of the pump
molecules to the ER, which could differentially affect the and Mound Formation
level of ER Ca2/ stores.
To further examine potential effects of expressing the
Ca2/ pump on aggregation, pump-expressing cells were
plated as a monolayer on a thin layer of Na/KrPO4-buffered
agar and aggregation was followed by time-lapse phase con-Effects of Overexpressing the Pump
trast video microscopy (Ma et al., 1997), see Materials andon Morphogenesis
Methods). When wild-type cells are plated as a monolayer
and examined, several distinct aggregation centers are es-Cells overexpressing the constitutively activated plasma
tablished within the ®eld of view (Fig. 3A). The wave pat-membrane calcium pump formed mounds with similar ki-
tern that is observed results from cell-shape changes in re-netics to those of wild-type cells, although the mounds were
sponse to cAMP waves that initiate from the aggregationsmaller than those of wild-type cells plated at the same
centers (Chen et al., 1996). cAMP oscillations initiatingdensity. For the highest overexpressors as determined by
from the oscillator that forms the aggregation center areRNA blots (data not shown), most of the aggregates arrested
relayed outward through a cAMP receptor/G protein-cou-in development after the formation of multiple protrusions
pled signaling cascade that results in the activation of ade-on the surface of the mounds (Figs. 2A and 2B). Some of
the mounds proceeded to form aberrant ®ngers and then nylyl cyclase and the release of cAMP into the extracellular
environment, thus relaying the signal. Cells respond botharrested at this stage (Figs. 2C and 2D). In a few cases, mor-
phologically normal slugs were formed that then culmi- by activating adenylyl cyclase and a signaling pathway that
controls chemotaxis and involves a G protein-mediated ac-nated after a signi®cant delay to produce fruiting bodies
with mature spores but weakened stalks (data not shown). tivation of guanylyl cyclase (Chen et al., 1996). Adaptation
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FIG. 3. Time-lapse video microscopy of wild-type and Ca2/ pump-expressing cells. Morphology and wave pattern of cells was followed
by time-lapse video phase microscopy taken with a 41 objective and recorded using an SVHS recorder. Zero time is the time of plating
of the cells on agar. Computer-grabbed images from the videotape at the approximate times in hours and minutes indicated are shown.
Images shown were captured from the video tape at appropriate intervals of real time as indicated. (A) Wild-type cells. The solid arrowheads
mark the center of the aggregation center, which is always dark, as these cells are always adapted. The open arrowheads mark the outer
limits of the aggregation domain. (B) Ca2/ pump-expressing cells. Note that by 4 h, many aggregation centers have formed in contrast to
the small number in wild-type cells. Three of these centers in frames 4:41 and 5:11 are marked with an open arrowhead as examples, one
of which is labeled ``a.'' The same centers are marked in each panel. The center labeled ``a'' is also marked on subsequent images.
Additional centers formed around the open arrowhead marked ``a.'' Two of these are marked with smaller arrowheads. The position of
the arrowhead ``a'' is indicated in the other panels. There are multiple centers. Eventually, the multiple centers around arrowhead ``a''
form only two aggregates. Note the smaller size and increased number of the Ca2/ pump-expressing cells compared to wild-type aggregates
shown in A. (A) The control for the analysis of the Ca2/ pump expressing aggregates is taken directly from Ma et al. (1997).
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FIG. 3ÐContinued
pathways ensure that the cAMP waves move outward and number of larger domains. Nonetheless, the domain size is
still smaller than that of wild-type cells. This defect of ini-the cells chemotax towards the aggregation centers. As the
periodicity of the waves increases, the cells chemotax in- tially forming a large number of aggregation centers is very
distinct from the phenotype exhibited by cells in which theward forming a mound after7 h under these experimental
conditions. gene encodes MEK1, a MAP kinase required for chemoat-
tractant activation of guanylyl cyclase and chemotaxis (MaAs shown in Fig. 3B, under the same conditions, pump
cells initially establish many more aggregation centers (see et al., 1997). In mek1 null cells, a normal number of aggrega-
tion domains become established in the lawn of cells and alegend to Fig. 3). With time, these coalesce into a smaller
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FIG. 5. GFP ¯uorescence and random distribution of GFP-labeled pump cells in an early, loose mound. Very lightly ¯uorescent cells are
marked with an arrowhead. (A) Differences in GFP ¯uorescence of vegetative GFP/pump cells. Log phase cells were examined. (B and C)
XY (B) and XZ (C) projections through the 3-D volume are shown. Scale bar, 10 mm. Methods: Images from a cooled CCD camera were
collected at 1.33-mm resolution in X and Y and at 1.33-mm steps in Z. The images were then processed to reduce out-of-focus light by the
maximum-likelihood method (see Materials and Methods).
relatively normal cAMP wave pattern is observed. However, type and Ca2/ pump-expressing cells. As shown in Fig. 4a,
the Ca2/ pump-expressing cells showed similar kinetics ofthe mek1 null cells do not chemotax and the domains break
up into many very small aggregation domains and the cells movement as did wild-type cells, indicating that in this
assay there were no detectable differences between thecoalesce into very small aggregates. The increase in the
number of initial aggregation centers observed with Ca2/ strains. The activation of adenylyl cyclase was then mea-
sured as an assay for the ability of cells to relay the cAMPpump-expressing cells may be the results of effects of Ca2/-
pump expression on the activation and/or adaptation mech- signal during aggregation. As shown in Fig. 4b, the level of
adenylyl cyclase activation was only slightly lower in Ca2/anisms controlling adenylyl cyclase and signal relay. The
Ca2/ pump-expressing cells do not form normal aggregation pump-expressing cells relative to the activation of wild-type
cells.streams, but this could be an effect of the much larger num-
ber of aggregation domains rather than a speci®c impair- To further understand the potential effect of calcium
depletion on cell movement and sorting in the mound, wement in chemotaxis.
To directly examine the effects of expression of the Ca2/ examined the behavior of the GFP/pump when the cells
were allowed to develop alone and when they were mixedpump on chemotaxis, the ability of cells to chemotax to-
ward a micropipet containing cAMP was examined for wild- with wild-type cells. The movement of these cells was fol-
FIG. 4. Chemotaxis and activation of adenylyl cyclase. (a) Chemotaxis of Ca2/ pump-expressing and wild-type cells to cAMP diffusing
from an Eppendorf microcapillary containing 100 mM cAMP was examined by time-lapse video microscopy using a Nikon inverted phase
microscope. Images were grabbed at the indicated times after the micropipet was positioned. A, B, and C, wild-type cells; D, E, and F,
Ca2/ pump-expressing cells. A, the start of the recording; B, 2 min, 30 s; C, 12 min; D, the start of the recording; E, 2 min, 40 s; F,
12 min, 20 s. (b) The activation of adenylyl cyclase in response to 2* dcAMP (which does not interfere with the assay) was assayed as
described under Materials and Methods.
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lowed by 3-D reconstruction of serial ¯uorescent images the mounds were viewed in the XZ projection. By the
tight mound stage, the most intensely ¯uorescent cells(Doolittle et al., 1995b). The 3-D images normally contained
64 focal planes and required 2 min to collect. Depending often formed a ring encircling the mound's perimeter. In
some tight mounds, a central cluster of intensely labeledon the experiment, a new set of optical sections was some-
times acquired at time intervals up to 5 min apart. The 3-D cells was also present which, combined with the ring pat-
tern, yielded a bull's-eye distribution (Fig. 6A). Whenimages at each time point were reconstructed using several
well-characterized restoration methods (Conchello et al., these mounds were viewed in the XZ projection, the cen-
tral cluster typically resided near the bottom of the1994; Preza et al., 1992), all of which yielded qualitatively
similar results. mound, with the outer ring raised along the Z axis relative
to the base (Fig. 6C). However, a few mounds with bull'sWe examined cell motion in mounds composed entirely
of pump cells. While clonal isolates were used for these eyes showed the opposite pattern (data not shown). In
all cases, cells in the outer ring of the bull's eye rotatedexperiments, individual GFP/pump cells showed different
levels of ¯uorescence (Fig. 5A). We have observed cell-to- clockwise or counterclockwise, while those in the inner
core moved randomly or circled slowly and irregularlycell differences in the level of protein expression from the
Act15 promoter in clones (unpublished observations). Re- within the con®nes of the core cluster (Figs. 6B and 6D).
During the onset of this bull's eye formation, cells werecloning of the cells also yields a similar cell-to-cell variabil-
ity. Since the pump and GFP are both expressed under con- initially distributed at random, although not as isolated
cells, but rather as small clumps of 3±4 cells (Figs. 6E andtrol of the same promoter in the same cells and may be the
result of extinguishing expression from exogenous promot- 6F). These clumps frequently dispersed by the next time
point (5 min later for Figs. 6E±6I), and new ones formed.ers, we expect that the brightest cells also express the most
pump protein. We attempted to examine this directly; how- Hints of the bull's-eye pattern often appeared and disap-
peared (Figs. 6E and 6F) before the pattern became ®rmlyever, the available anti-pump antibody had too high a level
of background ¯uorescence on control, wild-type cells to established. Many cells moved rotationally during bull's eye
formation (data not shown). Once established, the bull's-be able to be used for this purpose. During aggregation, all
cells participated equally well in aggregation. In developing eye patterns (Figs. 6C and 6F) were transitory, lasting for an
hour at most.aggregates formed exclusively from GFP/pump cells, move-
ment of the brightest cells was also initially similar to the To assess whether these aberrant cell distribution pat-
terns were cell-autonomous, we mixed pump cells withmovement of wild-type cells: apparently random move-
ments of cells were observed in early mounds, and in later cells of their parental strain. To follow the patterning of the
wild-type cells, we transformed them with a mutant formmounds many cells exhibited clockwise or counterclock-
wise rotational motion, both features characteristic of the of GFP that ¯uoresces blue (BFP) (Heim et al., 1994) and
then collected double-label 3-D time-lapse data. This dou-parental wild-type strain KAx-3 (data not shown). Similar
movements were observed when pump cells lacking the ble labeling allowed the pump and the wild-type cells to be
separately and simultaneously followed within the sameGFP construct were labeled randomly with a ¯uorescent
dye and mixed with unlabeled pump cells (data not shown). aggregate. With less than 50% pump cells, pump cells be-
came randomly distributed throughout mound formationAs development progressed, the brightest GFP/pump
cells exhibited unusual patterns of distribution and move- and development proceeded normally. However, with more
than 50% pump cells, similar patterns of pump cell distribu-ment within mounds. In the earliest mounds, cells ex-
pressing high levels of the pump were at ®rst randomly tion (Fig. 7B) were observed as described above for mounds
composed entirely of pump cells. Moreover, surprisingly,interspersed (Figs. 5B and 5C). At somewhat later stages,
the brightest pump cells were often found concentrated the wild-type cells themselves assumed distribution pat-
terns similar to those of the pump cells: cells of the parentat the very bottom of the mounds (data not shown), when
FIG. 6. Bull's-eye distribution of GFP-labeled pump cells in a tight mound. XY (A) and XZ (C) projections through the 3-D volume are
shown at a single time point. Three-dimensional time-lapse data were collected at 5-min intervals over a 2-h period, and 3-D cell tracks
were generated by using a modi®ed form of the tracking algorithm described in Awasthi et al. (1994). XY (B) and XZ (D) projections of
these tracks are shown. Arrows indicate a cell's direction per each time step, and the color scale indicates the ¯ow of time. Observe in
the XY view (B) that cells rotate around in the outer ring of the bull's eye, but as indicated by the jumbled orientation of arrowheads in
the center, cells at the core remain associated but move randomly. Observe also in C that the central core of the bull's eye resides beneath
the outer ring. This is also apparent from the XZ view of cell tracks in D. Scale bar (A±D), 20 mm. (E±I) Formation of a bull's eye in a
tight mound of pump cells. XY projections at 5-min time intervals are shown in E±I. Local cell clusters initially arise (as in E), but then
disperse (as in F) and new ones subsequently form (as in G). During this phase of transient cell associations, a bull's-eye pattern gradually
emerges. Throughout this process, cells move rotationally (data not shown). Cells expressing high levels of the pump appear to rotate and
simultaneously drift radially in or out to form the inner cluster or the outer ring, and then remain there. Scale bar (E±I), 20 mm. (J) A
control mound of a mixture of untagged and Act15-GFP-tagged wild-type cells. The labeled cells are randomly distributed and remain so
throughout development. Scale bar (J), 20 mm.
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strain were distributed randomly at ®rst, and then fre- One band was localized near the prestalk/prespore boundary
and the other in the very posterior of the slug. In most slugs,quently also formed a bull's-eye pattern (Figs. 7A and 7C).
The central core of this pattern was lower than the pump there was no accumulation of pump cells in the anterior.
During culmination, the GFP/pump cells were localized incell core, and the outer ring was higher than the pump cell
ring (Fig. 7D). Both pump and wild-type cells moved in the stalk region and the lower portion of the sorus. When
wild-type cells expressing GFP were examined, a uniformclockwise or counterclockwise circles within in the bull's-
eyes' rings, but not in the central cluster where cells of both ¯uorescence was observed (Fig. 8B).
types were found to move randomly within the con®nes of
their respective clusters. At later stages, during ®rst ®nger
Effects of Expression of the Calcium Pumpformation, pump cells continued to rotate vigorously at the
on Gene Expressionbase of the ®rst ®nger. This behavior was in marked contrast
to cell motion in wild-type ®rst ®ngers, in which rotational To assess the impact of expressing the Ca2/ pump on gene
expression, the expression levels of several developmentallymotion was absent or only weakly present at the base of
the ®nger. regulated genes were examined by RNA blot analysis in
pump-expressing and wild-type cells. csA, which is prefer-To rule out the possibility that these aberrant sorting
patterns were due to GFP expression, we used pump cells entially expressed during aggregation and induced by pulses
of cAMP (Mann and Firtel, 1989; Noegel et al., 1986), andthat had not been cotransformed with GFP and labeled these
cells instead with a ¯uorescent dye, chloromethyl¯uores- CP2/cprB, which is a postaggregative gene ®rst induced in
the mound in response to high, continuous cAMP (Datta etcein. When these dye-labeled pump cells were mixed with
parent strain cells, comparable bull's-eye rings formed. As al., 1996; Mehdy and Firtel, 1985; Pears et al., 1985). Both
genes were expressed to similar levels and with a similaran additional test, we mixed parent-strain cells with cells
transformed only with Act15/GFP, and only random sorting time course in pump and wild-type cells (data not shown).
The prestalk-speci®c genes ecmA and ecmB and the pre-patterns were observed (Fig. 6J). These results strongly sug-
gest that it is the presence of the calcium pump gene which spore-speci®c gene SP60/cotC were induced in the pump
cells at the same developmental stage as they were in wild-induces aberrant cell sorting.
We also examined dark®eld wave patterns in the mound. type cells. SP60/cotC and ecmA were expressed at similar
levels (within a factor of 2) to those found in wild-type cells,As described by Siegert and Weijer (1995), these waves are
thought to re¯ect underlying cAMP signaling in the mound. whereas the expression level of ecmB was reduced about
threefold (Fig. 9A). Previously, Schaap et al. (1996) suggestedConsistent with their observations, we found that multi-
armed pinwheel waves were present in mounds of the pa- that a slow release of intracellular Ca2/ was involved in
DIF-mediated expression of the stalk marker ecmB. Ourrental wild-type strain (data not shown). Pinwheel waves
were also present in mounds of the pump cells, although results showing a greater effect of pump expression on ecmB
than the other cell-type-speci®c markers are consistentthese waves tended to be one-armed instead of multiarmed
as often observed in the parent mounds. In early mounds with their observation.
Postaggregative and cell-type-speci®c genes can be in-of the pump cells, waves were weaker than in the parent,
but still present (data not shown). The weaker wave pattern duced in suspension culture in response to high, continuous
levels of cAMP (Dynes et al., 1994; Jermyn et al., 1987;is consistent with a potential effect of Ca2/ expression on
cAMP signaling observed during aggregation. These obser- Mehdy and Firtel, 1985). We examined the expression of two
postaggregative genes (rasD and CP2/cprB) and the prestalkvations suggest that signaling in the pump mounds was
affected but not radically disrupted. Pinwheel waves were gene ecmA and the prespore gene SP60/cotC to determine
the effects of the pump cells on cAMP-induced expressionobserved and cells moved in circular trajectories opposite
to the waves. Thus the aberrant cell sorting patterns in the in such studies. In suspension assays, CP2/cprB and rasD
are induced in the absence of cell±cell contact (fast shake)mutant are not likely due to gross defects in cAMP signaling
which is thought to underlie the dark-®eld wave patterns. in the presence of cAMP. Under conditions that promote
cell±cell contact (slow shake), induction of these genes can
be less dependent on exogenous cAMP due to the produc-
Cells Overexpressing the Calcium Pump Also tion of cAMP in the agglomerates that form. In contrast,
Showed Aberrant Localization within the Slug the cell-type-speci®c genes are only induced under slow
shake conditions and require exogenous cAMP (Dynes etTo determine the effect of pump overexpression on spatial
localization of cells within the slug, cells cotransformed al., 1994; Firtel, 1995; Mehdy and Firtel, 1985). The pump
and wild-type cells show similar induction patterns of thesewith the Act15/GFP and Act15 calcium pump (GFP/pump
cells) were mixed with wild-type cells and allowed to form genes, although the level of expression of ecmA was reduced
about twofold (Fig. 9B). To further examine the effects ofcoaggregates. The positions of the pump cells were then
determined using ¯uorescence microscopy. When the GFP/ calcium on cell-type-speci®c gene expression, wild-type and
pump cells were washed three times over a 3-h period ofpump cells were mixed with wild-type cells in a ratio of 1:4
or greater (GFP/pump to wild-type cells), pump cells were time with 1 mM EGTA to further deplete cellular calcium
and prevent in¯ux of extracellular calcium in response tolocalized in two bands within the slug and ®nger (Fig. 8A).
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FIG. 7. Three-dimensional structure of bull's-eye pattern in a chimeric mound of 50:50 pump cells:KAx-3. Cells expressing high levels
of the pump coexpress GFP, while KAx-3 cells are labeled with a blue variant of GFP. XY (A±C) or XZ (D) slices through the mound are
shown, and a schematic illustrating the distribution of the two cell types is also included. KAx-3 cells are found in a ringed structure
near the top of the mound (A), and then the pump cells form a bull's-eye pattern beneath that (B), followed by a cluster of KAx-3 cells
near the mound's bottom (C). Darker regions are presumably occupied by pump cells expressing lower levels of GFP and the pump and/
or KAx-3 cells expressing lower GFP levels. Scale bar, 10 mm.
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FIG. 8. Distribution of GFP-labeled pump cells in a chimeric second ®nger. Wild-type cells were mixed at a ratio of 3:1 with GFP/pump
cells and allowed to form chimeras. The pump cells were then visualized by ¯uorescence microscopy. (A) Mixture. (B) Wild-type cells
expressing GFP.
cAMP. We then examined postaggregative gene expression pump-expressing cells. The effect of expressing the Ca2/
pump on aggregation domain size is consistent with an ef-in response to cAMP under these conditions. No ecmA or
SP60/cotC gene expression was detected by RNA blot hy- fect of pump expression on aggregation. However, one
might not expect that this alone would result in an almostbridization in cells treated with EGTA, whereas wild-type
and non-EGTA-treated pump cells showed a similar level complete block of tip formation. These observations, which
result from the expression of a constitutively active Ca2/of hybridization (data not shown) in agreement with pre-
viously published results (Pinter and Gross, 1995). pump, suggest that normal levels of intracellular calcium
are required for proper development in late mounds and
®rst ®ngers, and in particular for proper tip formation at
this stage.DISCUSSION
Our data suggest that intracellular calcium levels can dra-
matically in¯uence tip formation, which is associated withPump-Expressing Cells Are Unable to Effectively
sorting of the prestalk cells to the apical region (Abe et al.,Form Tips
1994; Esch and Firtel, 1991). We found that pump-express-
We have used a novel approach to examine the potential ing cells tend to group in certain regions of mounds. The
role of intracellular calcium in Dictyostelium development. same distribution patterns were observed in either fully mu-
To accomplish this, we have sought to lower intracellular tant mounds or chimeric mounds containing mutant and
calcium by expressing a constitutively active plasma mem- wild-type cells, strongly suggesting that it is the Ca2/ pump,
brane calcium pump. These cells exhibit developmental presumably resulting in a depletion of cellular Ca2/, and
phenotypes and show a loss of the thapsigargin-induced rise not some other effect that is responsible for this spatial
in cytosolic [Ca2/]. While we have not directly shown quan- patterning in the mound. The difference of the sorting pat-
titated changes in intracellular Ca2/ pools, our data suggest tern within pure pump-expressing cells indicated some het-
that accessible calcium stores were reduced. Cells poten- erogeneity in the cells, which may be due to different levels
tially depleted of calcium in this way showed aggregation of pump expression. While the strains are clonal isolates,
defects associated with an increased number of aggregation we have observed differences in the level of proteins ex-
centers. However, they formed tight mounds, but subse- pressed from the Act15 promoter in various cloned strains
quent morphological differentiation in late mounds and (unpublished observations). Attempts to examine the level
®rst ®ngers was severely inhibited. These effects are not of pump expression directly via immuno¯uorescence were
the result of signi®cant changes in the ability of cells to unsuccessful due to the high background of the available
chemotax to cAMP emitted from a micropipet or the ability anti-pump antibody in control, wild-type Dictyostelium
to activate adenylyl cyclase and produce cAMP. Wave pat- cells (unpublished observations).
In chimeric slugs, we found that pump cells sorted to theterns within the mound were slightly affected in Ca2/
Copyright q 1998 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8831 / 6x38$$$321 03-20-98 12:15:41 dba
91Expression of Constitutively Active Calcium Pump
differential adhesion (Brackenbury and Sussman, 1975; Saxe
and Sussman, 1982). The pump-expressing cells did chemo-
tax to cAMP during aggregation and analysis of the phase-
contrast video microscopy did not detect a noticeable defect
in cell movement. The mutant cells aggregated and moved
in circular trajectories within mounds. But the pump cells
exhibited some unusual properties, in addition to the forma-
tion of a large number of initial aggregation centers. In par-
ticular, the cells tended to form clusters within mounds,
which suggested an effect in the mutant on cell-cell adhe-
sion. Cells that exhibit the highest level of GFP expression
and thus also possibly the highest level of pump expression
often formed a central cluster in mounds, and this clump
remained intact for up to an hour. Even as this clump
formed, smaller cell clusters often appeared. Such clusters
are speci®c to the pump mutant, since they do not form
when cells overexpressing only GFP are mixed with wild-
type cells. We conclude that this is a phenotype of the pump
cells, and this conclusion is independent of whether there
is a perfect correlation between high GFP-expressing cells
also expressing high levels of the pump. In principle, this
clustering in the mutant might not re¯ect an adhesive inter-
action, but instead may be a tendency of pump cells to
preferentially associate with each other by some signaling
FIG. 9. Gene expression in pump and wild-type cells. (A) Develop- mechanism. Pump cells do not appear to move directionally
mental expression of ecmA, ecmB, and SP60/cotC in pump and toward each other, but rather, pump cell clumps appear to
wild-type cells. RNA was isolated from cells harvested at the indi- form from the random association of adjacent cells as they
cated times after starvation and examined by RNA blot hybridiza- are swept along in the mound's rotational ¯ow, consistent
tion (Mehdy and Firtel, 1985). (B) Gene expression in suspension
with the hypothesis that adhesive interactions are key toculture. Vegetative cells were harvested, washed, and shaken in
cluster formation. The biochemical pathway that is affectednonnutrient buffer (51 106 cells/ml) under either fast or slow shake
in pump-expressing cells and results in aberrant tip forma-conditions as described previously (Dynes et al., 1994; Mehdy and
tion is not known. However, it has been suggested that Ca2/Firtel, 1985) After shaking for 6 h, cells were either treated or not
treated with exogenous cAMP (300 mM initial concentration, cAMP is important for myosin II regulation during chemotaxis
added to 100 mM added every 2 h) for an additional 6 h. (Newell, 1995). While myosin II null cells can aggregate,
although aberrantly (De Lozanne and Spudich, 1987; Doolit-
tle et al., 1995a; Knecht and Shelden, 1995; Xu et al., 1996),
they are unable to effectively form tips (Eliott et al., 1993;
Traynor et al., 1994), suggesting that Ca2/ may affect theposterior of both the prestalk and prespore zones. Together,
these observations suggest that cells with lowered calcium cytoskeletal rearrangements accompanying cell movement
and/or signaling pathways essential for this process.will sort to certain positions within aggregates. These sort-
ing preferences do not appear to be the result of an effect
of pump expression on the ability of cells to differentiate
Correlation of the Pump Phenotype with Knowninto either prestalk or prespore cells because the expression
Localization of High Free Cytosolic Ca2/level of the ecmA prestalk- and SP60 prespore-speci®c
within Aggregatesmarkers is unaffected by expression of the Ca2/ pump. In-
stead, the sorting preferences of pump cells may re¯ect a We were involved in a previous study in which intracellu-
lar free calcium levels were examined during multicellularmore direct effect on either cell movement or some cell-
autonomous factor that in¯uences sorting. Thus, differ- development using strains transformed with a construct
that constitutively expresses a stable aequorin (Cubitt et al.,ences in the levels of intracellular calcium previously
linked to prestalk cell induction may instead be a function 1995a). Regions of high calcium were found in the mound
immediately prior to tip formation and the cells withinof the requirements of these cells for speci®c cell move-
ments, and not cell-type choice decisions. these high-Ca2/ regions appear to form the tip. The tip itself
also showed a high level of free calcium, and the analysisCell movement is known to be critical for mound mor-
phogenesis, in particular for sorting of prestalk and prespore suggested that the high calcium region in the mound was
the tip precursor. In the present study, we have comparedcells. This sorting is thought to be mediated in part by
chemotaxis to cAMP (Nestle and Sussman, 1972; Siegert the differential behavior of wild-type cells and Ca2/-de-
pleted cells by examining the distribution of the pump/GFPand Weijer, 1995; Traynor et al., 1992), and possibly also by
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cells alone and a mixture of green pump/GFP cells and blue with those observed previously by another group (Pinter and
Gross, 1995). Our data on pump cells do not directly addresswild-type/BFP cells in chimeras. The wild-type cells pre-
sumably have higher calcium levels than those of the pump- the issue of the role of Ca2/ in cell-type differentiation be-
cause it is possible that the level of calcium required for cell-expressing cells. It is interesting to note some similarities
between the distribution of the wild-type cells in the early type differentiation may be lower than the concentration
required for cell movement and morphogenesis. We note,mounds of chimeras containing pump and wild-type cells
observed in this study and that of cells exhibiting high ae- however, that the expression of the stalk marker ecmB,
whose DIF-induced expression is sensitive to intracellularquorin luminescence previously observed in the in vivo
study of aequorin ¯uorescence (Cubitt et al., 1995a). Wild- Ca2/ chelators (Schaap et al, 1996), is also effected by expres-
sion of the Ca2/ pump. These results are consistent withtype cells that have the highest aequorin luminescence and
thus the highest level of free cytosolic Ca2/ from the previ- levels of intracellular Ca2/ being important for stalk cell
differentiation.ous study and the wild-type cells in chimeras with pump-
expressing cells in this study both formed ring patterns en-
circling the mound perimeter with discrete clusters of cells
observed within mounds, both at the mound center and ACKNOWLEDGMENTS
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